We used magnetoencephalography (MEG) to investigate the timing and location of cortical activity related to perceived brightness. Participants passively observed 1 of 5 disks of different luminance (1, 3.2, 10, 32, and 100 cd/m 2 ) during MEG recording, and rated the perceived brightness of the disk before and after the MEG recording. The perceived brightness showed an almost perfect log-linear dependence on luminance intensity. The MEG results showed that the stimulus presentation evoked neuromagnetic responses in the occipital region approximately 150 ms after stimulus onset. The average magnitude of the response was positively correlated with the subjective ratings of perceived brightness as well as the log-scaled stimulus luminance. These findings suggest that the neuromagnetic responses in the occipital cortex reflect subjective brightness perception and that the visual cortex completes the brightness assignment as early as 150 ms after stimulus onset. The possible clinical application of these results is discussed.
Perceiving object brightness is a fundamental function of human vision. The relationship between the physical luminance of a stimulus and its subjective perception has been explored with psychophysical methods since the middle of the 19th century (Fechner, Adler, Howes, & Boring, 1966; Stevens, 1966) . Although one may intuitively assume that our perception scale is directly proportional to light intensity, it has been shown that subjective brightness perception has a non-linear relationship with physical luminance. For example, if object luminance increases ten-fold, from 10 cd/m 2 to 100 cd/ m 2 , we do not perceive that brightness as 10 times brighter than the original stimulus. According to classic Stevens's Law (Stevens, 1966) , the relationship between the magnitude of a physical stimulus and subjective brightness is fitted to a power function. If one observes a white disk with 5 degrees of visual angle in a dark room, the relationship between physical luminance and perceived brightness is well-described by a power function with an exponent of 0.33. Thus, if we increase object luminance ten-fold, brightness perception would be expected to double.
Despite these classic psychophysical studies, little is actually known about how physical and perceived luminance is scaled in neural response.
A few electrophysiological studies with non-human primates have reported that individual Correspondence concerning this article should be addressed to Aki Kondo, Research Center for Advanced Science and Technology, The University of Tokyo, 4-6-1, Komaba, Meguro-ku, Tokyo, 1538904, Japan, (email: kondo@fennel.rcast.u-tokyo.ac.jp). neurons exhibit a compressive dependency of discharge rate on luminance, and that neural activity depends linearly on the logarithm of luminance in the primary visual cortex (Kayama, Riso, Bartlett, & Doty, 1979; Kinoshita & Komatsu, 2001) .
Recent electroencephalography (EEG) and functional magnetic resonance imaging (fMRI) studies with humans also show that neural activity positively correlates with physical luminance in the primary visual areas (e.g., Goodyear & Menon, 1998; Tepas & Armington, 1962) . For instance, Tepas and Armington (1962) measured visual evoked potentials (VEP) to a light flash of constant duration. They found that the waveform of the potentials varied as a function of stimulus luminance. An fMRI study by Goodyear & Menon (1998) reported that cortical activity in the primary visual cortex increased in the volume of regional activation, as well as activation intensity, as the luminance intensity increased. Furthermore, they reported a close relationship between perceived brightness contrast and responses in the primary visual cortex (e.g., Haynes, Lotto, & Rees, 2004; Osaka & Yamamoto, 1978; Wicke, Donchin, & Lindsley, 1964) . Wicke et al. (1964) showed that VEP peak latency varies with stimulus luminance and higher luminance yields faster latency. An fMRI study by Haynes, et al. (2004) showed that the blood oxygenation level-dependent (BOLD) signals in the early visual cortex scaled linearly with the magnitude of change in retinal illumination, simultaneously correlating with subjective ratings of perceived brightness. These results indicate that perceived brightness may be encoded in the primary visual cortex. However, the relationship between the cortical response function for luminance stimuli in early visual areas and perceived brightness is not yet well-understood.
In the present study, taking advantage of the high spatio-temporal resolution of magnetoencephalography (MEG), we investigated the timing and location of the cortical response relative to parametric variations in luminance, and its relationship to perceived brightness. Revealing such a relationship would be an important step toward a complete comprehension of the general mechanisms underlying brightness perception. In addition, if we can show a correlation between neural activity and perceived brightness, such a method could be applied for diagnostic testing. For example, it has been observed that children with autism spectrum disorder (ASD) are so sensitive to the light that they cannot ignore subtle light stimuli (Bogdashina, 2003; Simmons, Robertson, McKay, Toal, McAleer, & Pollick, 2009 ). Yet, there is still no effective quantitative method for the diagnosis of young children, because it is quite difficult for young children to report their internal state in a verbal manner or to complete complicated psychological tasks. Therefore, if we can relate neuromagnetic responses to luminance with subjective brightness perception by the MEG technique, it would be possible to infer an individual's perception of brightness from his or her neural activity, without an explicit verbal report or behavioral measurement. In addition, we also conceived that the MEG recording would be particularly suitable for children who have difficulty wearing measuring apparatus. In MEG recording, we can measure neuromagnetic responses without requiring a participant to attach electrodes to the skin, as for an EEG. Moreover, whereas the fMRI equipment makes a loud noise during the scanning, MEG recording can be executed in a completely quiet environment. These advantages of MEG recording could provide a more comfortable neural recording environment for various patients (especially young children). Therefore, our finding may have clinical value for measuring light sensitivity in various diagnostic situations.
METHOD

Participants
Eleven paid volunteers (6 males and 5 females, aged 20-31 years) served as participants. They had normal or corrected-to-normal visual acuity. All participants gave informed consent prior to participation in this study. The experiment was conducted in accordance with the ethical guidelines of the Declaration of Helsinki and approved by the Committee of Ethics, the University of Tokyo.
Visual Stimuli
Visual stimuli were generated by Presentation (Neurobehavioral Systems Inc., San Francisco, CA, USA) and projected onto a rear screen, located 32 cm from the participant's eyes by a projector (PG-B10S; SHARP, Osaka, Japan) via a mirror. The stimulus was a centrally placed white disk (with a diameter of 10 degrees) against a black background. The luminance of the disk was either 1, 3.2, 10, 32, or 100 cd/m 2 in 5 equal steps along a logarithmic scale. The effective luminance of the stimulus was calibrated with a Konica Minolta LS-100 Luminance Meter (Konica Minolta Holdings, Inc., Tokyo, Japan).
Psychophysical Procedure
We measured participants' perceived brightness by a magnitude estimation procedure conducted both before and after MEG recording in the magnetically shielded room. Participants viewed the stimulus screen while lying supine in the MEG scanner. We presented the disk stimulus of 10 cd/m 2 for 500 ms as a standard stimulus. This was followed by 1 of the 5 disks of different luminance (1, 3.2, 10, 32, and 100 cd/m 2 ) presented for 500 ms with an inter-stimulus interval of 500 ms. The participants were instructed to rate perceived brightness of the second disk, given that the magnitude of the first disk was 10 (Stevens, 1971) . The 5 luminance levels of the second disk were presented 10 times in a randomized order, resulting in 50 trials in total for each session (before and after the MEG recording).
MEG Procedure
During MEG recording, 1 of the 5 disks of different luminance (1, 3.2, 10, 32, and 100 cd/m 2 ) was presented for 500 ms. The inter-stimulus interval was randomized between 1750 and 2250 ms. The participants were instructed to observe the stimuli passively, maintaining their fixation at the stimulus position throughout the experiment. They were not required to rate the brightness during MEG recording. Each luminance trial was repeated 100 times, in random order, resulting in 500 trials in total. The participants rested for 1 minute every 50 trials.
MEG Recordings and Data Analysis
While participants passively observed the luminance disks, we recorded brain magnetic fields in a magnetically shielded room using a 160-channel whole-head MEG system (PQ1160C; Yokogawa, Tokyo, Japan). In order to co-register MEG channels with the participant's head, 5 position marker coils were attached to the participant's scalp (nasion and points immediately anterior to the ear canals) with a 3D digitizer (3Space Fastrak, Polhemus Inc., Colchester, VT, USA) before the MEG recording. At the beginning of the MEG recording, the position of the participant's head was determined with respect to the sensor array. The magnetic signals were digitized at 1000 Hz and low-pass filtered at 500 Hz. Data was stored for off-line analysis.
In the MEG data analysis, trials with strong artifacts (signal variation was larger than 3000 fT/cm) were omitted from the analysis, but the total number of trials was not less than 74 for each condition. We focused on the cortical response time-locked to the disk stimulus presentation. MEG responses were analyzed from 100 ms prior to, and 600 ms after, the disk stimulus onset. These data were averaged for each luminance condition across the trials. A low-pass filter was applied with the cut-off frequency at 50 Hz. The peak amplitude and latency were determined from the time course of the root mean square (RMS) of 32 sensor outputs for each participant and stimulus condition. Fig. 1 shows the relationship between physical luminance and brightness ratings averaged before and after MEG recording. Perceived brightness increased as the physical luminance increased, showing an almost perfect log-linear dependency on physical luminance.
RESULTS
Psychophysical Data
The participants showed highly consistent brightness ratings before and after MEG recording. Before MEG recording, the averaged perceived brightness was -0.2, 5.5, 9.5, 12.8, and 18.0 for 1, 3.2, 10, 32, and 100 cd/m 2 respectively (SD = 3.1, 1.7, 0.5, 1.4, and 2.3 respectively). After MEG recording, it was 0.06, 6.2, 9.8, 12.3, and 17.7 for 1, 3.2, 10, 32, and 100 cd/m 2 respectively (SD = 3.6, 1.4, 0.3, 1.3, and 2.5, respectively). The averaged difference in brightness ratings for each luminance was 0.6, 0.9, 0.4, 1.0, and 0.9 for 1, 3.2, 10, 32, and 100 cd/m 2 respectively (SD = 0.6, 0.8, 0.3, 0.8, and 0.6 respectively) before and after MEG recording, suggesting that perceived brightness was stable throughout the MEG recording.
MEG Data
We observed visual evoked magnetic responses from the 32 channels covering the occipital region of the brain. Fig. 2 shows the RMS values as a function of time from the onset of the stimulus. There was 1 prominent peak at around 150 ms of latency (Fig. 2,  arrow) . This peak amplitude increased with increasing luminance of the stimulus. To further investigate the nature of the visual evoked MEG signal, we first measured the peak amplitude of RMS as the highest positive or negative amplitude from 0 to 200 ms after the onset of the disk stimulus. Then, we correlated the RMS values with physical luminance, log-scaled luminance of the stimulus, and subjective brightness ratings. Table 1 shows the correlation coefficient (r) for each participant. The response amplitude of the peak was highly correlated with log-scaled luminance (Table 1 , middle) and the subjective ratings of perceived brightness (Table 1, right) . However, we found a much lower correlation between the response amplitude of the peak and physical luminance (Table 1, left) . Across all participants, the correlation coefficients between the response amplitude of the peak versus log-scaled luminance (middle) and the subjective ratings of perceived brightness (right) were significantly higher than zero (one-sample t-test, log-scaled luminance: t[10] = 3.22, p < 0.01; perceived brightness: t[10] = 3.13, p < 0.05), but that between the peak amplitude and physical luminance (left) was not (t[10] = 1.59, p = 0.14).
DISCUSSION
In the present study, we asked participants to report subjective perceived brightness for 5 disks of different luminance. During the MEG session, we recorded visual evoked MEG responses to these disks while participants passively observed them. Psychophysical data showed that perceived brightness increased as physical luminance increased, showing an almost perfect log-linear dependence on physical luminance. MEG data revealed that visual evoked MEG signals from the occipital area also increased as physical luminance increased, concurrently showing a linear dependency on the log-scaled stimulus luminance. Moreover, this linear dependence of MEG responses on log-scaled luminance was paralleled by a linear dependence on the degree of perceived brightness. We found that the MEG response was better accounted for by log-scaled luminance (Table 1, middle) than was the physical luminance of the stimulus (Table 1, left) . Some electrophysiological studies with non-human primates reported that the electrical activity of neurons in the primary visual cortex depends linearly on the logarithm of luminance (Kayama et al., 1979; Kinoshita & Komatsu, 2001 ). There are also a few fMRI and EEG studies of humans, which suggest that the activation intensity in the primary visual cortex is linearly dependent on the logarithm of luminance contrast (Avidan, Harel, Hendler, Ben-Bashat, Zohary, & Malach, 2002; Boynton, Demb, Glover, & Heeger, 1999; Goodyear & Menon, 1998; Souza, Gomes, Saito, Filho, & Silveira, 2007) . However, the relationship of timing and location to perceived brightness is still unclear. In the present study, taking advantage of the high spatio-temporal resolution of MEG, we showed that activation intensity in the primary visual cortex is linearly dependent on the logarithm of luminance as early as 150 ms after the onset of visual stimuli.
Moreover, the present MEG results also show that neuromagnetic responses in the occipital area are scaled in regard to subjectively perceived brightness (Table 1, right) . This result suggests that occipital activation represents subjective perceived brightness, as well as physical luminance, as early as 150 ms after the onset of visual stimuli. However, in the present study, perceived brightness was partly confounded with physical luminance. Clearly, we need further study to separate perceived brightness from physical luminance (e.g., Pereverzeva & Murray, 2008) . It is well-known that perceived brightness depends not only on luminance but also on luminance distribution in the surrounding visual field. For example, two circles of the same luminance will appear to have different lightness if one is embedded in a dark, and another in a light, surround. This phenomenon, which is called simultaneous lightness contrast, has been investigated extensively in a psychophysical study. The simultaneous lightness contrast dramatically demonstrates the dissociation between the amount of light arriving at the retina and our perception of that light. In single neuron recordings from cats and monkeys, it has already been demonstrated that the primary visual cortex exhibits a surround modulation that matches contextual effects in human brightness perception. Recently, using stimuli varying in brightness contrast, some neuroimaging studies done with humans also showed that there is a close correlation between fMRI or magnetoencephalography signals in primary visual cortex (V1) and the perceived contrast of stimuli (Haynes, Roth, Stadler, & Heinze, 2003; Williams, Singh, & Smith, 2003) . It would be interesting to use the lightness contrast stimuli to further investigate the temporal dynamics of brightness-related responses in the early visual cortex using MEG, in a future study. Using the present MEG results, we can scale the occipital neuromagnetic response to the subjective perception of brightness. This finding raises the possibility that we can use neuromagnetic responses to simple luminance stimuli as a faithful indicator of perceived brightness, without asking observers to explicitly rate the stimulus intensity. This application, we hope, could be of clinical use in measuring light sensitivity in various patient groups. Recently, several studies reported that people with autism spectrum disorder (ASD) are very sensitive to light, and that they often dislike both darkness and bright lights (Bogdashina, 2003; Simmons et al., 2009 ). However, in many cases, it is difficult for young children to be diagnosed. This difficulty is partly due to the fact that we usually use diagnostic methods that rely on explicit verbal reports or behavioral characteristics. In many cases, we cannot ask children to verbally report their internal state or to do complicated psychological tasks. However, if we can successively extend the present MEG result, it may be possible to estimate the internal states of these children without verbal reports or complicated psychological tasks. For example, as we described earlier, it has been reported that children with ASD are sensitive to light stimuli. In the present study, all the participants showed linear visual evoked magnetic responses against a log-scaled luminance. However, for the ADS patient it may be plausible to show nonlinear visual evoked magnetic responses with a greater increase than a control group, in response to dim luminance stimuli. If we obtain such an atypical magnetic response function to the light stimuli, it may increase the possibility that one will be diagnosed as ADS. Clearly, further investigation will be needed before applying it in a real clinical setting, but this is one possible application for the clinical use of neuromagnetic responses. According to a report from the National Institute of Mental Health (2004) , many children with autism can be accurately identified at 12 months or even younger. Using our present MEG findings, we may be able to diagnose these children at a much younger age. The principles underlying brightness perception may prove useful for investigating a wide variety of visual processes.
In addition to that possibility, the present study shows that the visual cortex completes the brightness assignment as early as 150 ms after stimulus onset. This relatively early peak latency produces the possibility that the stimulus sequence in the present study can be shortened to a rapidly presented (milliseconds-order) paradigm. It is important to keep experiments involving children as short as possible.
In conclusion, the present study characterized how human visual cortical responses are scaled to the subjective ratings of perceived brightness as well as physical luminance, concurrently showing that the activation intensity in the primary visual cortex depends linearly on the logarithm of luminance as early as 150 ms after the onset of visual stimuli. We hope that the present study will provide a useful foundation for further research into normal cortex functioning as well as for clinical use.
